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PREFACE

The proceedings of the 23rd Aerospace Mechanisms Symposium, which was
held at the NASA Marshall Space Flight Center, Huntsville, Alabama, on
May 3 to 5, 1989, are reported in this NASA Conference Publication. The
symposium was sponsored by the National Aeronautics and Space Administra-
tion, the California Institute of Technology, and Lockheed Missiles and
Space Company, Inc.

The purpose of the symposium was to provide a forum for the interchange
of information among those active in the field of mechanisms technology.
To that end 22 papers were presented on aeronautics and space flight,
with special emphasis on actuators, aerospace mechanism applications for
ground support equipment, lubricants, latches, connectors, and other
mechanisms for large space structures. The papers were prepared by
authors from a broad aerospace background, including the U.S. aerospace
industry, NASA, and European and Asian participants.

The efforts of the review committee, session chairmen, and speakers
contributing to the technical excellence and professional character of
the conference are especially appreciated.

The use of trade names or names of manufacturers in this publication
does not constitute an official endorsement of such products or manufac-

turers, either expressed or implied, by the National Aeronautics and
Space Administration.
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THE EVOLUTION OF SPACE MECHANISMS IN THE ESA R&D PROGRAM

D. Wyn-Roberts*

INTRODUCTION

The evolution of space mechanisms is presently occurring very quickly in
Europe, being driven by vigorous new programs in the area of Scientific
Satellites, Columbus space station development, applications spacecraft for
communications, Earth observation and meteorology, and the Ariane V and Hermes
space transportation systems.

In this paper the status of recently completed and already ongoing
technology developments will be discussed as well as some of the most -
important future developments. A selection will be made since the number of
developments is rather large, but the aim will be to consider the applications
or lessons learned from the technology programs and the application goals of
the new areas.

SPACE MECHANISMS TECHNOLOGY IN THE ESA PROGRAM

The word mechanism tends to cover a wide range of items and disciplines,
so Figure 1 has been evolved to give a classification of the disciplines
involved. Based on this classification, the mechanism technology items
included in the Agency's program for 1988 have been listed by category in
Table 1.

A number of items which were already reported in 1985 [1] have been
completed or are about to be finished and these will be considered first in

order to determine the outcome of the technology work.

Finally, the new items will be described in order to determine the future
direction of the mechanisms technology which is being developed.

EVOLUTION OF SPACE MECHANISMS TECHNOLOGY IN RECENT YEARS

Category 1 Electromechanical Components

There is continuous support of the development of electric motors for
space use within the ESA technology program, since there is always a demand
for special application devices. Of particular interest in this respect has
been a superconducting motor for cryogenic use.

Support for this work commenced in 1981 and by the end of 1984 a
superconducting motor, suitable for operation of scientific instruments in the

*ESTEC, Noordwijk, The Netherlands



focal plane of a cooled telescope for example, had been developed and tested
by SEP and SAGEM in France. An already space-qualified size-stepper motor was
used and the winding material changed to a niobium-titanium alloy. A heat
dissipation of below 1| mW during operation was achieved. Testing included
vibration and torque measurement at cryogenic temperature, together with an
endurance test at liquid helium temperature [2].

This technology has been successfully transferred since the motor is
being used as a component of the infra-red camera on the Infrared Space
Observatory (IS0) project of ESA. A continuation technology study has
recently been completed, the aim being to reduce the overall heat dissipation
of such a motor including its lead wires.

A second example of recently completed motor technology is the so-called
Digital Position Actuator (DPA). This has been less successful in terms of
application, since no specific need has arisen. The development was based on
a perceived need rather than an "external" interest or inquiry. The aim has
been to develop a motor capable of indexing to a specific angular position on
receipt of a digital command. Supposed application was in scientific
instruments and/or robotics. An interesting feature was the strict packaging
dimensions which were specified to house both motor and electronics. This was
initially achieved by the contractor (Inland Motor Co., Ireland), but the
electronics was rejected since not all were space approved. When space-
approved devices were used, the dimensions could not be reached. The final
dimensions achieved were 85-mm square cross-section by 190-cm long compared
with a requirement of 70-mm diameter by 100-mm long. The motor developed was
a dc brushless motor with trapezoidal motor flux distribution. It has the
capability of indexing to a given angle (or series of angles) with an accuracy
of 10 arcsec.

Category 2 Control Actuators

Category 2 considers Energy Storage Wheels (ESW) and reaction and
momentum wheels.

In the case of ESWs, an increase in interest in these devices occurred in
1984, mainly because of the perceived possibility of using them in space
station elements to replace batteries. A workshop to review the technology
was held at NASA {3], and following this, in Europe new work was started on
rotor development for an ESW suitable for space use.

The design and manufacture of such a rotor was completed at the end of
1986 under an ESA technology contract. The rotor consists of a hub made of
high strength aluminum alloy with four spokes and an integral (thin) ring.
The rim consists of carbon fiber cylinders mounted with interference fit to
this ring. The carbon fiber rim concept enables a high energy density to be
achieved, but still enabling the mass, volume, and diameter to be restricted.
Both 2D and 3D stress analyses have been performed using the finite element
approach. The octant model used for 3D analysis is shown in Figure 2; and the
mechanical and functional characteristics are given in Table 2.



For the time being, interest in these devices has again lessened, and the
first generation European Space Station (Columbus) will certainly use
batteries. An extension contract to complete some testing of the rotor is
planned for the near future, and then it seems that this technology will again
become dormant until such time as project interest arises in it.

Category 3 Antenna and Instrument Mechanisms

This category covers a relatively wide range of items, which have no
logical grouping characteristics in terms of mechanical function.

A particularly interesting device is the high-precision displacement
mechanism. This has been under technology development for some time (since
1984) and is designed to actuate folding antenna panels on a sub-millimeter
spaceborne radio telescope, with an accuracy approaching 1 micron. Two
concepts for such a mechanism have been studied by Dornier (Germany) and Sener
(Spain). The initial concept was a type of 3D leverage system with motion
reduction via flexural members. A mock-up of this device was built and
successfully tested under ambient conditions. A drawing of this device is
shown in Figure 3A. Potential problems in the area of materials, thermal
performance, and integration, however, led to the definition of a second
device, shown in Figure 3B. Movement is caused by distortion of a flexural
ring and this device has also been successfully tested under ambient
conditions. Some further refinement of this design is necessary (e.g., in
terms of reduction of high stresses) and it is intended to manufacture a
space-approved version and perform thermal-vacuum testing in order to complete
the technology development.

Another device of interest in this category is the so-called micro-
gravity isolation mount (MGIM). This is a magnetically suspended, 6-degree-
of-freedom platform on which experiments can be mounted. The suspension is
activated by a positive feedback system causing the experiments to be isolated
from external vibration disturbances in the frequency range of interest. The
feasibility of this device has already been demonstrated under an ESA contract
running from October 1985 to February 1987. The results of this work were
presented at the 2lst Aerospace Mechanisms Symposium at Houston. The interest
in this work for space station application is continuing and a further
contract was awarded in September 1988 in order to study the development of
this device for mounting inside an experiment on the Columbus space station.

Category 4 Deployment Mechanisms

The only item presently included in this category is the coilable tube
mast (CTM). A small diameter version has already been built by the SENER
company in Spain and will fly on the Ulysses spacecraft. The latest version
of the boom is shown in Figure 4, where the shape of the boom cross-section is
also visible. The mechanism is capable of deploying and retracting the boom
which has nominal length of 15 m. The initial development was completed in
April 1988 with the achievement of the following:



1. Design and manufacture of a CTM with deployment/retraction capability

2. Manufacture of several tube samples in beryllium copper and carbon
fiber reinforced plastic

3. Demonstration of continuous manufacturing methods for both tube
materials

4. Functional life and vibration testing of the complete CTM. During
life testing, 20 cycles of deployment and retraction were completed
with full success, with no detectable damage occurring.

A new contract has been started on the CTM in order to obtain a qualified
version with fully space-approved parts and components. Under this same
contract, a qualification approach for a family of tube sizes, covering the
diameter range of approximately 22 mm to 130 mm, will also be evolved.

It is also encouraging to note that this technology is being applied in
another new area, namely to deploy an in-flight contamination experiment on
the Shuttle under a cooperative U.S./European venture on the Technology
Demonstration Program. The payload, which weighs 15 kg, is supplied by
NASA, and ESA will supply the CTM. This will be a 15-m long retractable
version with a cross-section diameter of approximately 63 mm, and will be
ejectable for safety reasons.

The previous examples are of technology items already in a reasonably
advanced, or even completed, stage of development. These examples illustrated
that technology items must be continually reviewed and planned. Obviously
certain items, such as the energy storage wheel and the digital positioning
actuator seem to have been developed too early for direct application for
project needs. The microgravity isolation mount technology, however, has been
investigated largely without project support, but nevertheless subsequently
raised interest especially among the scientific users community. It has also
helped to raise the awareness and understanding of the microgravity phenomena
and related engineering aspects.

Similarly, the CTM development has raised the interest of potential users
and found application in an area which was not originally envisaged. Another
deployment mechanism, the extendable and retractable mast (ERM) which was
reported in Reference 7 has been successfully transferred to the Columbus
project after completion of the technology work.

RECENT TECHNOLOGY

This section considers some of the newer items under investigation and
indicates their expected applications.

The large momentum wheel work started at the end of 1984 with the Teldix
company and its aim was to study momentum wheels suitable for eventual use on
the Columbus Space Station. The momentum "ceiling" for the initial study was



1000 N-m-sec. In a continuation study completed at the end of 1988, a
detailed design of a wheel of 1000 N-m-sec with a diameter of 60 cm (Columbus
requirement) was completed, and an engineering model was built and tested.
Prior to this work, no wheel above 70 N-m~sec had been built in Europe. The
particular design challenges posed by this development can be summarized as
follows:

o High centrifugal forces, 15 times higher than for previous wheels
® Increased vibrational loads

® Increased atmospheric loading on the housing

® Strength requirements approaching the limits of existing materials.

The final wheel design consisted of a steel rim held to a central ball
bearing hub by five bolted spokes inclined by 8 deg. The nominal operating
speed is 6000 rpm. A cross-sectional drawing of this wheel is shown in
Figure 5.

At the present time the wheel momentum requirements for Columbus seem to
be more in the region of 300 N-m-sec. The development of a 1000 N-m-sec wheel
has been justified, however, from a technology point of view, since the higher
requirements were a development driver. The problems overcome in developing a
1000 N-m-sec wheel enable the smaller (medium) wheel to be now developed much
more easily.

Two technology studies have recently commenced in the mechanical systems
category which are directly related to the Agency's Scientific Satellite
Program.

The first one, Sample Acquisition Systems, is being undertaken to support
the Comet Nucleus Sample Return mission (CNSR, now known as ROSETTA). 1In
terms of mechanisms, this is an extremely challenging mission and the
following are being studied in the technology work:

e Cometary soil properties

® Anchoring of the spacecraft to the comet surface

® Drilling of core samples

e Sampling of surface material

e '"Harpooning" of the comet surface.

The initial study commenced in March 1988 with Tecnospazio and Tecnomare
of Italy. A survey of possible cometary material properties was first carried

out. Following this, a conceptual and trade-off phase on the mechanism design
was completed. Baseline mechanisms have been chosen and will be designed in



detail in the final part of the study work. The baseline mechanisms chosen
are shown in Figure 6. Of these, the most challenging is certainly the drill
system. Core samples have to be extracted and then stored in sealed
containers for return to Earth laboratories. The sampling requirements for
this instrument are as follows:

Core sample
sample depth - 1 m required with goal of 3 m
sample diameter - 0.06 to 0.l4 m

Volatile sample
depth - 0.2 m below core sample
volume - 15 dm3

Crust sample
depth - 0.05 m
volume - 4 dm3.

Following the completion of the design study, it is planned to initiate a
new contract in order to manufacture and test prototype mechanisms.

The second technology study is for the Spin and Eject Mechanism to be
used on the Cassini mission. This is a joint ESA/NASA mission. The "mother"
spacecraft provided by NASA will orbit Saturn, whereas, ESA will provide a
probe for landing on Titan, one of Saturn's moons. The cruise phase from
Earth to Titan will have a duration of approximately 8 years and then the
mechanism will eject the probe with a velocity of 0.3 m/sec relative to the
Orbiter and with a spin rate of 10 rpm.

A contract to study this mechanism was started with the Piaggio company
of Italy in May 1987. Design, dynamic analyses and finally a trade-off of
several candidate mechanisms has been performed, leading to a choice of
preferred mechanism. A detailed design and analysis of this will be made and
then a mock-up of the device will be built and tested. The test will simulate
the zero-g condition together with the probe inertia about the spin axis,
which is 50 kg mZ2. The expected probe mass for the Cassini mission is 192 kg.
The chosen mechanism consists of a movable ring, used to eject the probe,
which is pushed in a track of 30 deg inclination by four compression springs.
The probe is released from the moveable ring by pyrotechnics for "launch."

The Ring diameter is 0.5 m. A drawing of this mechanism is shown in Figure 7.

The remaining items in Table 1 will not be discussed in any detail since
they are being negotiated and have not yet started. They are, however, of
interest and the following short comments can be made.

The tether mechanism study will survey possible European tether missions
and then lead to designs of various suitable tether mechanisms, followed by
manufacture and testing of the most technologically challenging parts of these
mechanisms.



In category 3, antenna deployment and pointing mechanisms will be studied
for the next generation of European communication spacecraft, specifically
the Data Relay Satellite, meant for communicating with the Columbus Space
Station, and the experimental spacecraft known as SAT2. There is a high
interest in Europe in antenna pointing mechanisms and the development of such
a device for large angles has taken place under the ESA technology program.
This is known as the Hemispherical Pointing Mechanism (HPM) and was mentioned
in Reference 1. The design was based on an inclined wedge principle. An
engineering model of a single axis drive unit has been developed and is
planned to be thermal vacuum tested during 1989. There is presently project
interest in this device for possible use in pointing a laser communication
experiment.

Another category of interest is tribology, but this aspect needs a paper
to itself and thus can only be touched upon here. At the time of writing, a
new four-year contract for research into space tribology is being negotiated
with the European Space Tribology Laboratory (ESTL). This contract will
cover, in particular, the aspects listed below which are all aimed toward
solving particular new project related problems.

1. High speed bearing lubrication

2. Slip ring lifetime improvement

3. Gearbox lubrication especially for robotics
4. Cryogenic tribology

5. High temperature tribology

6. Continuing fundamental investigations of space lubricants, especially
MoS; and ceramics.

Further tribological studies listed in Table | are directed towards
improvement in understanding the problems related to turbomachinery.

CONCLUSIONS

The evolution of space mechanisms in terms of increasing complexity and
size is continuing. Spacecraft projects are finding increasingly more
challenging roles for mechanisms and the technology work is being directed
toward solving the problems raised.

In general, the high interest and support in the mechanisms technology
development program could be said to be related to the relatively high success
in both utilizing and directing the work for projects. Close liaison and
careful planning therefore pays dividends in this respect. Nevertheless, It
must be remembered that technology by its very nature explores relatively
unknown areas, therefore not all lines of inquiry can be expected to lead to
immediate applications. 1In this respect, it is important to retain



flexibility so that work can be re-directed or stopped if necessary. The
lessons learned should then be utilized for further work.
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TABLE 1.

Electro-mechanical

Control Actuators

Instrument and antenna
mechanisms

Deployment mechanisms

Mechanical Systems

Tribology

MECHANISMS TECHNOLOGY BY CATEGORY

Electric motors components
Turbomachinery rotor dynamics

Large momentum wheel
Rotors for ESW's

High precision displacement mechanism
Microgravity isolation mount
Antenna deployment and pointing

Collapsible tube mast

Sample acquisition systems
Spin/eject devices for planetary mission
Tether mechanism

Tribology

Seal material life test
Advanced seal technology
Advanced bearing technology

TABLE 2. ESW MECHANICAL AND FUNCTIONAL CHARACTERISTICS

e Outer diameter 600 mm
® Inner diameter (of composite 510 mm
rim)
e Width 340 mm
e Outer diameter growth at 2.8 mm
maximum operating speed
24,000 rpm
® Mass 60.5 kg
® Max-operating peripheral 770 m/sec
speed (corresponding to
2566 r/sec angular
velocity
® Energy density at maximum 3.3 KWh

operating spee
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Figure 4. Coiled tubular mast.
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A UNIDIRECTIONAL ROTARY SOLENOID AS APPLIED TO STRONGLINKS

Eugene W. Kenderdine*

ABSTRACT

This paper describes the design goals and results of an advanced
development stronglink project with special emphasis on a new rotary solenoid
concept.

INTRODUCTION

During the handling, storage, transporting, and deployment of weapons, it
is inevitable that accidents will occur. With nuclear weapons, it is
mandatory that such accidents not result in nuclear detonation. Stronglinks
are one of several interlocks on each weapon, designed to prevent accidental
detonation in the event of abnormal environments (impact, fire, crush, etc.).

Stronglinks are electromechanical devices that prevent energy from being
applied through a "barrier" to certain components in an "exclusion" region
unless there is human intent that such energy be applied. The stronglink is
an energy gating (or switching) mechanism with a built-in "combination lock."
The only combination that will open this lock is an electrical unique signal
(UQS) which allows the device to be driven from a "safed" state to an
"enabled" state. Stronglinks are used strictly for safety purposes as
differentiated from other devices used for security reasons.

The term "stronglink" comes from a concept of juxtapositioning this
device with an environmentally "weak" device (weaklink). The weaklink is a
component vital to the arming of the weapon (example: capacitors). Usually an
attempt is made to "sandwich" the stronglink inside the weaklink so that any
environmental "attack" on the stronglink will first irrevocably disable the
weaklink before damaging the stronglink.

Stronglinks in the field are generally "one-shot," single-try devices.
Each weapon system contains two stronglinks of different designs that respond
to different UQS electrical pulse patterns. This is to prevent the
possibility of a common mode of failure in the event of some unforeseen
weakness in one device. Stronglinks consist of three major components:

1. Energy gating mechanism

2. Discriminator mechanism (combination lock)

3. Drive mechanism (usually two rotary solenoids).

*Sandia National Laboratories, Albuquerque, New Mexico.
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Figure 1 shows the advanced development stronglink assembly with the major
components indicated.

GOALS

The primary goals of this advanced development project were to achieve a
smaller package (especially in the direction parallel to the solenoid axes)
and to provide safety enhancement. Secondary goals were simplicity, reduced
enabling time, and a more energy-efficient device.

UNIQUE SIGNAL (UQS)

The UQS is the only electrical pulse pattern that will allow the
stronglink to advance to the enabled condition (see Fig. 2). The UQS is a
predetermined pattern of groups of "A" and "B" events. Generally there is a
mixture of 12 "A" events and 12 "B" events for a total of 24 events.

The 24 events give a gross total of 224 possible combinations
(16,777,216). The grouping of "A" and "B" events for a UQS format is
rigorously analyzed to provide the highest possible odds against the signal
being randomly generated in an abnormal environment. Grouping of events in a
repetitive or "symmetrical' format is not allowed.

The "A" pulse event must clearly differ from the "B" pulse event with
some characteristic such as amplitude, duration, polarity, point of
application, etc. In one production stronglink, the two events are "short"
(100 msec) and "long" (400 msec) pulses applied through a single circuit to a
single solenoid. The solenoid releases a clock which in turn "shifts gears,"
depending on how long power is applied to the solenoid. 1In all other designs,
two independent solenoids are used (with no clock). The solenoids are pulsed
through two independent electrical circuits. It is the interplay of the two
solenoids and the discriminator mechanism that either allows the stronglink to
advance to the enabled condition, or irreversibly lock in a safe condition.

ENERGY GATING MECHANISM

Several different types of devices (with their related locking
mechanisms) have been considered to control the passage of energy through the
barrier into the exclusion region. Work continues on new concepts with the
goal of further nuclear safety enhancement. The devices include locks on
alternator shafts, gas valves, switch contact rotors, light shutters, magnetic
flux shutters, and a device that moves a small portion of the physics package.

Current production stronglinks use switch contacts, magnetic flux
shutters, and the physics package mechanism to perform the energy transfer
function. This advanced development stronglink uses the magnetic flux shutter
mechanism for energy gating.

With the magnetic flux device, an electrical transformer is split into
its primary and secondary halves with an air gap between the primary and
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secondary C-cores. A disk (safe/enable wheel) is placed in this air gap (see
Fig. 3). The disk, except for localized magnetic "windows," blocks the
passage of magnetic flux lines between the primary and secondary for all areas
of the disk, except the windows. The discriminator mechanism locks the disk in
the flux blocking mode unless the stronglink receives the UQS electrical pulse
pattern. On receipt of the UQS, the disk is rotated from the "safe" position
to the "enabled" position, allowing the primary to energize the secondary
through the magnetic windows.

The primary lies outside the exclusion region; the secondary lies inside.
The advantage of this type of energy transfer device is that wires are not
required to cross the barrier into the exclusion region. This eliminates a
path for electrical energy to cross the barrier (from lightning or any other
source).

The disks are fabricated from a laminated material with ferrite windows.
The laminates used to date are copper-steel-copper. Some work is also being
done with a silver-nickel-silver laminate. The ferrite material is a solid
solution of iron oxide and manganese oxide. The ferrite window is surrounded
by a copper ring which provides magnetic isolation from the rest of the disk.

Physically the ferrite material is similar to a ceramic, which has
created a fair amount of manufacturing problems. The windows are in the shape
of a pair of half moons. The half moons are fabricated from a solid disk with
a slitting (grinding) operation. Yields are not really satisfactory due to
cracking of the ferrites. The ferrites also require a metalizing operation so
they can be soldered into the copper rings.

Due to these processing problems, there have been continuing studies of
alternate processes and alternate materials. An alternate design being
considered uses an iron-nickel ribbon laminate construction similar to the
transformer core construction. The laminates must stand on edge parallel to
the disk axis of rotation to allow flux passage through the wheel.

DISCRIMINATOR MECHANISM (Combination Lock)

The discriminator mechanism is a type of mechanical "maze" representing
the predetermined electrical UQS pulse pattern. If the solenoids receive the
UQS, each pulse allows a correct step through the maze. An incorrect pulse
pattern leads up a "blind alley" in the maze, causing stronglink lockup.

With the exception of the above mentioned stronglink containing the
single solenoid and clock, all of our stronglinks are used in the field as
one-shot, single-try devices. Lockup is electrically irreversible, and if it
occurs, manual access is required to reset the device. The noted exception is
a multiple-try device that is electrically resettable with an extra long (1200
msec) reset pulse. This device requires a much longer UQS (more events) to
compensate for the multiple-try feature. For test purposes, all units are
electrically resettable when correctly enabled with the UQS.
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Past stronglinks have contained one of two general types of discriminator
mechanisms. The first type features a gate (or two gates) working in
conjunction with a discriminator wheel containing two rows of some type of
teeth about the periphery of the wheel. One of the rows contains groups of
teeth representing UQS "A" events; the other, "B" events. Where there is a
group of teeth in one row, there are corresponding voids in the other row.
When the "A" event gate is closed, the "B" event gate is opened and vice
versa. The enabling logic thus requires the gate to be open for the row with
advancing teeth, while the other gate is closed in the area of the voids.
After a group of teeth in one row has passed through its gate, the gates must
change states to allow for passage of teeth in the other row. 1If a tooth
advances into a closed gate, it is blocked, and the gate can no longer be
opened. Lockup has occurred.

The second type of discriminator mechanism uses a type of pawl/ratchet-
wheel mechanism for signal discrimination. The ratchet wheel(s) contains
"shallow" drive teeth and "deep" penalty teeth in groups representing the UQS.
The enabling logic requires the pawl to drive the ratchet wheel only on the
shallow teeth and to "skip" over the deeper penalty teeth. With an incorrect
signal, the pawl becomes "entrapped" in a deep tooth, blocking the
discriminator wheel from further advancement, and again requiring manual
access to reset the device.

The subject stronglink features a new type of discriminator mechanism
called a "spur gear discriminator" (see Figs. 4 and 5). The mechanism
consists of two spur gear assemblies, one representing the UQS "A" events; the
other representing the UQS "B" events. Each assembly has 16 tooth positions
and advances one tooth position per UQS event. Fach assembly consists of four
levels of gear segments, with groups of teeth representing the UQS. One
solenoid drives the "A" assembly; the other drives the "B" assembly.

In a "normal" pair of mating external spur gears, one gear rotates
clockwise, the other counterclockwise. In this device, both gear assemblies
rotate in the same direction (shown counterclockwise). Thus, at the interface
"mesh," teeth of one assembly are advancing toward teeth of the other
assembly. Each gear assembly will always have at least one tooth at one level
in the mesh position for each of the 16 positions. Each gear assembly has a
hold pawl (not shown) in its drive mechanism that prevents the assembly from
backing up, i.e., each assembly can rotate only in the direction shown.

If the condition occurs where an "A" assembly tooth and a "B" assembly
tooth of the same level are in the mesh position at the same time, the
mechanism is locked. Neither assembly is able to advance or back up, which
would be the response to an incorrect electrical pulse pattern. The enabling
sequence thus requires sequentially pulsing the solenoids in such a manner as
to prevent teeth from the two assemblies from ever coming into contact at the
mesh position (the UQS pattern).

Consider the first two UQS pulse events (an "A" event followed by a "B"
event). Looking at level "W," if in error, first pulse the "B" assembly,
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tooth B2 advances to the mesh position opposing tooth Al, and lockup occurs.
If the "A" assembly is correctly pulsed first with a single pulse, tooth Al of
level "W" moves out of the mesh position, allowing the passage of tooth B2.
If, again in error, the "A" assembly receives two or more pulses instead of
the correct single pulse, tooth A3 of level "Y" will advance to the mesh
position opposing tooth Bl and lockup has again occurred. The mechanism
operates similarly throughout the UQS pulse sequence. If, for any group of
"A" or "B" events, the related solenoid receives more or fewer pulses than
specified in the UQS, lockup will occur.

Safety is enhanced because this mechanism presents the same level of
restraint throughout a pulse cycle (at least one tooth is always in the path
of the opposing gear assembly). With existing devices the level of restraint
can vary, depending on the exact gate position or the depth of pawl/ratchet-
wheel engagement.

This device is simpler than the pawl/ratchet mechanism and should have
fewer dynamic problems and frictional problems, as the two gear assemblies
never come into contact during a normal operation. This device has the
further advantage of having half the UQS events on one "wheel" and half on the
other as opposed to existing devices having all UQS event positions about the
periphery of a single wheel. This allows each wheel diameter to be reduced by
half while maintaining the same tooth-to-tooth spacing (tooth size). This in
turn reduces the inertia reflected to the solenoid to 1/16 of existing values.
Since four levels (or rows) are required instead of two, the inertia ends up
at 1/8 of existing values.

DRIVE MECHANISM

Oscillatory Rotary Solenoid

Each interrupted transformer type stronglink in production uses two 4-
pole cylindrically shaped rotary solenoids (see Fig. 6) to receive incoming
electrical pulse patterns and drive the discrimination mechanism. Rotary
solenoids are used since they are more readily balanced against G forces than
linear solenoids. The solenoid rotors operate between two stop pins,
impacting one pin when energized, and the other when de-energized. The rotor
stretches an extension spring or winds a torsion spring during the energized
stroke. The spring returns the rotor in the opposite direction when the
solenoid is de-energized. This oscillatory motion is converted to a rotary
motion by the discriminator pawl/ratchet-wheel mechanism. The drive pawl
picks up a new ratchet-wheel tooth on the energized stroke and advances
the ratchet wheel one unique position on the de-energized spring return stroke
(representing one UQS event).

Figure 7 shows the oscillatory rotary solenoid magnetic torque output
(measured without the return spring), and it shows the return spring torque;
both are plotted against rotor displacement. Without stops, the magnetic
torque goes from a zero value, to some maximum value, and back to zero over
45-deg displacement. The first zero torque value occurs when the rotor poles
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are midway between the stator poles. The second zero torque ocCcurs after 45-
deg rotor displacement when the rotor and stator poles are aligned. The area
(12.8 x 103 J) under the magnetic torque curve between 0 and 45-deg
represents the gross energy available to operate the mechanism for one on-off
pulse cycle. Since the device cannot start with zero torque, the rotor is
biased from the initial zero-torque position with one of the rotor stop pins.
For the device illustrated, the second stop pin limits the rotor travel to 24

deg within the 45-deg total displacement shown.

The area (3.46 x 1073 J) under the spring curve represents the actual
energy stored in the spring. As can be seen, the maximum spring torque is
determined by the minimum solenoid torque. While some margin is required
between the magnetic torque and spring torque, most of the area between the
two curves represents wasted energy. More than being wasted, the excess
energy aggravates ''bounce"” conditions during impact between the rotor and its
energized position stop pin. With past development units, this sometimes
caused "double pulsing" of the ratchet mechanism, and required damping of the
discriminator ratchet wheel to keep the bounce within acceptable limits.

While there have been some dynamic problems with the oscillatory
solenoids, the real driving force for consideration of a new solenoid design
related to packaging. The axial length of the solenoid cylindrical housing
was too great for a "flatpack" stronglink geometry. Consideration was given
to laying the solenoids on their sides and using a right angle drive, but the
added complexity was undesirable.

Unidirectional Solenoid

The flatpack application led to consideration of a two-pole, horseshoe-
shaped stator design, with a two-pole rotor. For approximately the same
energy output, this configuration gives a larger package measured normal to
the rotor axis, but its axial length is half the cylindrical package length.
The overall volume of the horseshoe package is slightly less than the
cylindrical package.

After a fair amount of "cogitation" over the two-pole design, the
unidirectional solenoid concept occurred. Why not stretch a spring slightly
beyond high center (toggle style) during the energized stroke, and have the
spring continue the rotor travel in the same direction during the de-energized
stroke.

The two-pole rotor and stator (horseshoe) were originally considered for
the unidirectional solenoid concept, but eventually a two-pole horseshoe
stator and a four-pole rotor were chosen (see Fig. 6). Viewed parallel to the
rotor axis, the four-pole rotor profile is identical to the oscillatory
solenoid rotor.

Since magnetic flux lines pass through all four poles on the oscillatory

device, and only two poles with the unidirectional device, the axial pole
thickness of the unidirectional rotor has been doubled. This provides the
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same area rate of change during rotor and stator engagement for both devices.
With the same flux density for both devices, torque-displacement
characteristics are nearly the same. Some differences occur, apparently due
to different geometry of the flux leakage paths.

The "over high center" spring action is achieved with a four-lobed cam
(see Fig. 8) attached directly to the rotor, plus a cam follower, and an
extension spring that loads the follower against the cam. The rotor-cam
rotates 45 deg during the solenoid energized stroke, and an additional 45 deg
in the same direction during the de-energized stroke, for a total rotor-cam
rotation of 90 deg for each on-off electrical pulse. When energized, the
rotor-cam drives the follower "uphill" on the cam (stretching the extension
spring) for approximately 35-deg rotor cam rotation, at which time the
follower crosses the cam high point (spring "high center"). The follower then
goes slightly "downhill" to the 45-deg end of energized stroke position, where
it stays magnetically detented as long as the solenoid is energized. When the
solenoid power is turned off, the stored spring energy forces the follower
"downhill" on the cam, driving the rotor-cam forward for the 45-deg de-
energized stroke. The rotor cam stays at this position, mechanically detented
by the spring loaded follower, until the solenoid is re-energized to repeat
the on-off cycle on the next cam lobe. Note: except for flatpack
considerations, this unidirectional cam mechanism could be applied to the
original cylindrical solenoid, converting it from an oscillatory to a
unidirectional device.

Advantages

The unidirectional device has significant advantages over the oscillatory
device. Figure 9 compares the packaging of the two types of solenoids and
their discriminator mechanisms and indicates the "flatpack" advantage of the
unidirectional device.

Since it is no longer necessary to convert oscillatory to rotary motion,
a simple direct gear drive can replace the pawl/ratchet-wheel mechanism. This
eliminates the continual impacting and drag of the ratcheting operation,
reducing wear, friction, and dynamic problems.

The unidirectional solenoid, with gear drive, advances the discriminator
wheel one unique position on the energized stroke, and a second unique
position on the de-energized stroke. The oscillatory solenoid stores spring
energy on the energized stroke and advances the discriminator wheel a single
position on the de-energized spring return stroke. The unidirectional
solenoid can therefore go through an equal number of unique discriminator
wheel positions (UQS events) with half the number of on-off solenoid pulses.
All else being equal, this allows enabling in half the time, and halves the
battery energy requirements. The number of possible UQS "A" and "B" event
combinations is unchanged, so the "uniqueness" of the pattern is unaffected.

The unidirectional solenoid cam is contoured to "match" the magnetic
torque-displacement curve, so the shape of this curve is immaterial. The only
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critical feature of the curve is the area (energy) under the curve. With
oscillatory devices it is very difficult to match solenoid output torques with
spring torques.

The unidirectional solenoid also has advantages compared to a stepper
motor. The stepper motor requires sequential energizing of multiple coils to
achieve its action (versus the rotary solenoid single coil). For comparable
housing volumes, the stepper motor individual coils and magnetic flux paths
are necessarily smaller. They thus produce much less torque for a much
smaller displacement. The stepper motor requires a more complex programmer to
sequentially energize the coils than is required for the simple on-off pulses
of the rotary solenoid. Finally, while the bi-directional capabilities of the
stepper motor might have advantages for other applications, this capability is
not an advantage for our existing discriminator mechanisms. Since the
stronglinks are one-shot, single-try devices, the ability to “back out" of a
locked position cannot be allowed.

Energy

Figure 10 shows the torque-displacement curve for the unidirectional
solenoid magnetic output (without a spring), and it shows the torque-
displacement curve for the cam-spring mechanism. The lower portion of the
figure is an X-Y schematic of one of the four cam lobes, relating follower
positions to the various torque conditions. Similar to the oscillatory
solenoid, the magnetic torque goes from a zero value, to some maximum value,
and back to zero during 45 deg of rotor rotation. The initial zero torque
value occurs when the rotor poles are symmetrically positioned about the
stator poles; the second occurs when two of the rotor poles are aligned with
the two stator poles. The area under the torque-displacement curve from 0 to
45 deg represents the total gross energy available to drive the rotor-cam
assembly through one on-off 90-deg pulse cycle.

Again, the device is unable to start with zero magnetic torque, so the
rotor is biased 7 deg in the direction of desired rotation. With the
unidirectional device, the rotor must operate through multiple revolutions, so
rotor stop pins are not used. The initial 7-deg bias is attained by the
mechanical detenting action of the cam follower at the root position of the
cam. The energy represented by the area under the magnetic curve from O to 7
deg is "lost" for driving purposes, since power is off while the cam follower
passes through this portion of the cam.

To achieve 45-deg rotation during the energized stroke starting from the
7-deg biased position requires that the rotor pass through the second zero
torque position (45 deg) and continue to the 52-deg position. Magnetically,
the rotor and stator poles attempt to stay aligned at the 45-deg position.
This means the spring must "overpower" the magnetic torque to advance the
rotor from the 45-deg position to the 52-deg position. This represents
additional lost energy. The magnetic torque curve from 45 deg to 52 deg is a
negative mirror image of the positive portion of the curve from 38 to 45 deg.
Thus, the net energy for driving the rotor-cam assembly for one on-off pulse
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cycle (7 to 97 deg) is represented by the area (8.8 x 1073 J) under the
magnetic curve from 7 to 38 deg. Dividing this energy by 90 deg (in radians)
gives a constant torque of 5.65 N-mm (0.80 in.-o0z) throughout the 90-deg total
on-off stroke.

Spring-Cam

The solenoid torque-displacement curve of Figure 10 is determined by
actual Instron test data. Using this data, a spring torque-displacement curve
is derived by calculating data points so that the algebraic sum of the
magnetic and spring torques for all displacements is equal to the above
constant torque of 5.65 N-mm. The area under the spring curve from the start
position to the spring "high center" position (7 to 42.4 deg) is used to
determine the spring energy storage requirement. A spring is selected to meet
this requirement with a reasonable (packageable) displacement. The 42 .4-deg
high center position is the point at which the magnetic torque has dropped to
the calculated constant value of 5.65 N-mm. Beyond this point, as the
magnetic torque continues to drop, the spring can no longer be stretched. Its
torque must now start to aid the solenoid magnetic torque to maintain the
constant output.

After the spring is selected, the cam follower moment arms are determined
to meet the spring displacement requirement at one end, and give a reasonable
cam size at the other end. Returning to the derived spring torque-
displacement curve, incremental steps are considered along the displacement
coordinate axis from 7 to 97 deg. Each increment defines a cam (and rotor)
displacement and defines an incremental area (energy) change. With this
energy change, a change in spring length is determined, which in turn gives a
follower position. This gives a new radial dimension for the cam. This
radial dimension combined with the selected incremental angular displacement
gives a polar coordinate point on the cam. Taking many increments along the
displacement axis from 7 to 97 deg defines one lobe of the cam. This is
repeated to give four lobes equally spaced at 90 deg.

Due to the solenoid and spring characteristics, the cam starts with a
steep rise (high solenoid torque; low spring force) and levels off toward the
high point of the cam (low solenoid torque; high spring force). On the
"downhill" side of the cam (solenoid power off), the slope increases toward
the end of the de-energized stroke to compensate for a weakening spring.

As noted earlier, the 52-deg rotor-cam orientation is a magnetic detent
position at the end of the energized stroke. The "downhill" portion of the
cam has an inflection point at this position, being steeper behind the
inflection point than ahead of it. Behind 52 deg, the spring overpowers the
rotor (which attempts to stay at the 45-deg pole-aligned position) and rotates
it to the inflection point. Ahead of 52 deg, the spring torque is weaker than
the reverse magnetic torque, so further "overpowering" (advancement) is not
possible. Thus, the follower stays at the inflection position as long as the
solenoid remains energized. When it is de-energized the follower continues
downhill for the de-energized stroke (from 52 to 97 deg).
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CONCLUSIONS

The unidirectional solenoid provides the following stronglink
improvements;

1. Volume is reduced 47 percent.
2. Enabling time is reduced 50 percent (1200 msec to 600 msec).

3. Useable energy per on-off pulse is increased from 3.46 x 1073 J to
8.83 x 1073 J. Since this provides two unique discriminator
positions instead of one, this results in a 510-percent increase in
energy efficiency.

The spur gear discriminator provides a more constant restraint on the
safe-enable wheel, thereby enhancing safety. The use of a direct gear drive
in place of the pawl/ratchet-wheel mechanism should reduce wear, friction, and
dynamic problems. Total piecepart quantitiles are reduced which should
increase reliability and decrease costs.

Due to program budget cuts October 1, 1988, work on this project has been
greatly curtailed. This has limited testing to bench runs of two prototypes
plus Instron torque/displacement tests of two solenoids. A limited capability
pulse generator has been fabricated to operate the prototypes. While this
pulse generator cannot be adjusted to optimize the pulse format, it will allow
additional data to be taken, and facilitate the use of a high speed camera to
study the dynamics of the device.

While testing has been minimal, results are encouraging. These results,
combined with development history of production components of similar
complexity, indicate this stronglink could be developed and used as a
replacement component for future applications. Overall, this advanced
development program has met its initial goals.
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THE DESIGN AND ANALYSIS OF A DOUBLE SWIVEL TOGGLE RELEASE MECHANISM
FOR THE ORBITER STABILIZED PAYLOAD DEPLOYMENT SYSTEM

Guy L. King* and Ted Tsai*

ABSTRACT

A new NASA deployment system called the Stabilized Payload Deployment
System (SPDS) will soon be operational. The lightweight and heavy-duty system
rolls payloads over the orbiter's side rather than ejecting them upward. The
system will enhance the orbiter capability of carrying larger and heavier
payloads. This paper describes the design, function, and analysis of a new
three-pin "double" swivel toggle release mechanism which is crucial to the
successful development of the SPDS.

INTRODUCTION

The SPDS is being jointly developed by NASA/JSC and Rockwell
International/Space Transportation Systems Division. SPDS will be used in the
National Space Transportation System (NSTS) to permit on-orbit deployment of
payloads independent of other payload handling equipment such as the Remote
Manipulator System (RMS). The SPDS is a compact electromechanical system
which attaches the payload to the orbiter through the payload retention
structure (trunnions). The system is designed to rotate payloads out of the
Orbiter payload bay at a predetermined angular position and effect a payload
separation on command. This paper focuses on the two fault tolerant release
mechanisms that play a key role in the critical payload separation. It
describes in detail the design, function, and analysis performed on the two
fault-tolerant double-swivel toggle mechanism that is held in place by a
swivel ring and three pyro actuated retaining pins under a high elastic
preload. Removal of one or more pins will instantly release the spring
loading and subsequently cause the unstable swivel links to move away from the
joint. Detailed design analogy of the mechanism is discussed along with the
NASTRAN finite element and stress concentration analysis that was performed to
investigate the hoop strength and the local yielding of the double swivel
configuration. Structural stress contours (load paths) are presented and the
overall description of SPDS is also included.

RELEASE MECHANISM DESIGN
The 82-kg (180-1b) SPDS (Fig. 1) is a bridge-mounted structure that can
be positioned in any bay on the port or starboard longeron of the orbiter.
The first application of SPDS is on the port side longeron replacing the RMS.

The payload deployment and release sequence are shown in Figure 2. 1In the

*Mechanical Design and Analysis Branch, Structures and Mechanics Division,
Lyndon B. Johnson Space Center, Houston, Texas.
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SPDS deployment sequence, the first two steps are to insure that there is
sufficient clearance for payload deployment. The motions of SPDS pedestals
are controlled by actuators and drive motors. Once the payload reaches the
final angle, the payload oscillations are damped through the spring damper
(Fig. 1). After the payload is stabilized, it is released through a double
swivel toggle release mechanism (Fig. 3) located within the release head. The
major components of the release head consist of the swivel, the housing, and
the pyrotechnic retractors. A circular plate which is connected to the
payload interface plate is held to the housing by the toggle. The other end
of the toggle is held in place by three pyrotechnic pins. On command, the
three pins will retract and release the toggle. The final design
configuration of the mechanism assures free swiveling at both ends of the
toggle. A cross section view of the swivel toggle mechanism is shown in
Figure 4. The double swivel toggle is made of three main components: the
swivel bolt (with the top swivel ball), the swivel socket (with the lower
swivel ball), and the swivel ring as shown in the figure. The bolt is
fastened into the lower swivel socket. The inner surface of the ring is
spherically contoured and fits on top of the lower ball. The pyrotechnic pins
are 120 deg apart and the flat side of the pin tip rests on top of the swivel
ring. The mechanism is held in tension by tightening the swivel bolt into the
socket. The assembly is strain gauged to obtain an accurate reading on the
8007 Newton (1800 1b) design preload. When the pyrotechnic pins are fired,
the pins retract and the circular payload plate is separated by an expulsion
spring within the main housing. The elastic preload of the toggle provides
the additional spring load for payload separation. The three-pin toggle
release sequence is illustrated in Figure 5. During a nominal deployment,
payload interface components including the swivel toggle stay with the
payload.

The illustration in Figure 5 constitutes the heart of the design concept
of the release mechanism. During the earlier development of the SPDS, the
design was simply inadequate in the release mechanism. A three-pin toggle
release mechanism design was then brought into the system. The one piece
toggle had a single swivel on the upper end (Fig. 6). To assure the free
motion of the toggle after the pyro initiation, another swivel was developed
on the other end (the swivel ring) of the toggle. When the swivel toggle is
properly preloaded, any moment oOr lateral loading from the payload interface
plate will be directly transmitted through the housing of SPDS. The toggle
itself will experience very minimum load variations. Before the pyro
initiation the tension loaded toggle mechanism restrained by equally spaced
pins constitutes a well balanced and stable loading pattern. The retraction
of all pins will immediately release the toggle. If any one or two pins were
to malfunction, the double swivel toggle would still permit clean separation
because the swivels would rotate clear of the failed pin/pins. The toggle
mechanism had been through several preliminary design configurations until
the final double swivel was fully developed and chosen as the baseline. The
original design had a one piece toggle with a sloped toggle/pin contact
surface (Fig. 6). The pendulum type movement of the single upper swivel
should have provided enough rotation to move clear the un-retracted pin/pins.
The clearance created by the toggle swing motion will be the length of the
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toggle times the swing angle. The sloped toggle/pin contact surface was
intended for easier toggle separation. However, when the mechanism was
preloaded, the sloped surface of the pins brought on high local contact
stresses. The sloped surface, which varied at times, also induced an
undesirable axial pin reaction tending to retract the pins prematurely. To
prevent the inadvertent retraction, a high shear retaining pin must be
incorporated into each pyro pin. When tested, the configuration was locked up
by the preload when only one pin was retracted. The lock-up was caused by
high frictional forces in the single swivel ball and the tolerance-induced
unequal pin load distribution. The design progressed to the double swivel but
still keeping the sloped toggle/pin interface contact (Fig. 6). The
configuration during the test did not hang-up but the force tending to retract
the pins remained. Flat surfaces were finally incorporated into the
toggle/pins interfaces (Fig. 6). The configuration eliminated the undesirable
pin retraction forces and became the baseline. The new swivel at the lower
end of the toggle was made possible by the creation of the swivel ring. The
new design provides additional flexibility to the mechanism. The additional
toggle movement with respect to the un-retracted pin/pins will be based on (1)
the movement of the swivel ring about the swivel ball, (2) the geometrical
outer contour of the ring, and (3) the relative pin/ring location. Most of
all, the flexibility of the lower swivel will induce the swing motion of the
toggle and eliminate the lock-up of the mechanism. Tests were performed with
the absence of dry film lubricant to intentionally induce sticking surfaces
around the swivels. No hang-up occurred. The mechanism with 8007 N (1800 1b)
design swivel preload has also been successfully tested through the design
thermal and vibration load environments. The 8007 N (1800 1b) preload proved
to be adequate to keep the system joint intact with no premature joint
separation. Design analysis was also performed to evaluate the strength of
the new, small, and high performance mechanism. As a result, a minimum
modification was applied to the bolt head. The modification was to assure
that the toggle is elastically preloaded and no permanent local structure
yielding would occur. The analysis in detail is discussed in the following
section. The new two fault tolerant double swivel release mechanism became
baseline for the deployment system and has been released for patent.

DESIGN ANALYSIS

A MSC/NASTRAN (The MacNeal-Schwendler Corporation/NAsa STRuctural
ANalysis) finite element analysis is performed to evaluate the strength of the
toggle elements. Structure stress contours are plotted. Structure load paths
and strength are evaluated. The analysis reconfirms that the design concept
of the mechanism is sound. A Sstress concentration analysis is also performed
and a simple design modification is applied to the fillet of the swivel bolt
head. The modification significantly increases the preload/fatigue strength
and the reliability of the mechanism,

Design Preload

The double swivel mechanism is designed for the reliable payload
deployment. A proper amount of preload applied to the swivel bolt is
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important. The abutment materials (housing and the attached plate) should
always be in compression. In the meantime, the total bolt tension should not
induce permanent deformations which would consequently release the elastic
spring loading of the mechanism. For a normal operational environment, the
load experienced by the toggle mechanism will mainly be the high preload. As
long as the release head (preloaded joint) is in compression, the moment and
lateral loads from the payload interface plate will be directly transmitted
into the housing. There will be minimum tension loads applied to the release
head. Based on the relative stiffness between the toggle and the abutment
housing material, only a portion of the tension load will actually be
transmitted into the preloaded toggle. Design analysis is performed to
evaluate the load paths and the capability of the swivel mechanism based on
the 8007 N (1800 1lb) design preload.

Materials

The swivel bolt is made of MP35N (AMS 6884) bar. The swivel socket and
the ring are Inconel 718 (AMS 5664) bar. In the range of the system operating
temperature, which is from -739C (-1009F) to 1359C (275°F), the high strength
alloy have similar thermal expansion coefficients. At the highest 135°C
(2759F) operating temperature, the MP35N will lose 10 percent of its room
temperature strength and the Inconel 4 percent.

NASTRAN Finite Element Analysis

All three major components of the toggle mechanism (Fig. 4) are modeled
(Fig. 7). All nominal dimensions are used. A cylindrical coordinate system
(R, 9, and Z) was used for the model. The cylindrical geometry of the
structure cannot be treated axisymmetrically because of the three localized
pin reactions. However, with proper applications of mirror-imaged boundary
conditions (constrained in the circumferential J-direction at the RZ planes),
only one-sixth (a 60-deg section) of the 360-deg circumference is needed to
represent the entire swivel structure. The circular section is from the
middle of a pin connection to half way to the mnext pin. NASTRAN three-
dimensional solid elements (CHEXA/CPENTA) are used for the model. A simple
inhouse preprocessor is developed to generate the math model. The model mesh
size/density and element aspect ratios are arranged for proper model fidelity.
The unconstrained model contains 7000 degrees-of-freedom (DOF). Boundary
conditions are constrained in Z-direction at the lower pin/ring and upper bolt
head/abutment interfaces (Fig. 7). The spherical surface contact between the
ring and lower swivel ball are simulated with NASTRAN gap elements in the
spherical radial directionm. All gaps will be closed under the preload
compression. It requires no iterative scheme to search for the load-induced
gap contact or opening. A linear static analysis is performed. The results
prove that all gap elements are in compression (closed). The bolt preload is
simulated with fictitious thermal shrinkage of the material in the axial (Z)
direction. The applied thermal load, which is a -1119C (-200°F) temperature
differential, is randomly selected for the linear analysis. The computed
total reactions at the boundary constraints will be the equivalent preload
which produces the linear resultant stresses of the math model.
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The computed results are processed to produce the structure deformed
shape and stress contours (in forms of constant stress lines or color fringes)
with the PDA Engineering/PATRAN (post-NASTRAN) processor. The exaggerated
(dramatized) model deformed shape is shown in Figure 8. The total computed
boundary reactions (equivalent swivel preload) is 7940 N (1785 1b) which is
coincidentally very close to the actual design preload of 8007 N (1800 1b).
For the linear static analysis, the displacements/stresses at the desired
magnitude of applied loading are simply obtained bg a linear ratio. The
computed maximum tensile stress is 5.158 x 108 N/m* (74,806 lb/in.z). The
stress contours of the major principal stresses of the worst stressed
(deformed) section are presented in Figure 9. High stresses and stress
concentrations are clearly shown at the neck of the swivel bolt. The bolt
neck has the minimum area for load paths with sharp change of the cross
section from the bolt head. Stresses (mainly the hoop stresses) in the swivel
ring are relatively low and uniformly distributed. The concern of the
distortion and the separation of the swivel ring from the lower swivel is thus
removed. Although the toggle is loaded at three localized pin/ring
interfaces, the resultant loads (stresses) transmitted into the swivel,
especially the bolt, are nearly axisymmetrical. The finite element analysis
provides a good overall view of the structural load paths (stress patterns).
The analysis reconfirms the overall design of the toggle mechanism. The
critical link of the release mechanism is the swivel bolt which is subjected
to the common stress concentration effect. The strength (preload allowable)
of the mechanism will be based on the strength/shape of the bolt. A change to
one or more of the geometrical/material parameters of the bolt (for instance,
increasing the rounding radius at fillet or the radius of the neck) can rather
easily increase the total strength of the entire mechanism. Analysis is now
focused on the stress concentration of the swivel bolt.

Evaluation of Swivel Strength and Preload

To evaluate the highly localized and concentrated stresses, the finite
element analysis will require additional local model refinement in a great
detail at the fillet of the bolt. The complexity of the model will be further
increased if the 20 node brick elements are to replace the current 8 node
elements for better accuracy. The finite element solution is always
considered an approximation to the usually unknown exact solution. Without
the actual experimental data (say, photoelasticity), the accuracy level of
detailed stress concentration analysis of the conventional h-version NASTRAN
finite element method, which uses fixed low order polynomial element shape
functions, will still be somewhat uncertain. No model refinement is
performed. Experimental datum/formulations of stress concentration factors of
available design configurations will be used to evaluate the bolt strength.

The diameter of the bolt shank is 5.03 x 103 m (0.198 in.). The cross
section area A of the shank is 1.9864 x 10~ p2 (0.03079 in.z). For a preload
P of 7940 N (1785 1b), the average shank tensile stress o, (P/A) becomes 3.997
x 108 N/m2 (57,972 psi). The NASTRAN computed maximum tensile stress is 5.158
x 108 N/m2 (74,806 psi) which is at the neck of the bolt. If the maximum is
divided by the average, the stress concentration factor Kt is estimated at
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1.29. The term "stress concentration factor K;" is loosely defined as the
maximum local stress divided by the average stress in the bolt shank. The
concentration factor of 1.29 is certainly unrealistic (and, in this case,
low), because the math model does not include the necessary detailed
refinement for the highly localized effect. Two configurations of the
available textbook charts for stress concentration factors are selected for
evaluation. The first is the "Round Shaft with Shoulder Fillet in Tension"
and the second is the case of "T-head" as shown in Figure 10. The major
difference between the two is the manner of loading. The loading of T-head
will result in much higher concentrated stresses. As shown in Figure 10, the
actual swivel bolt is compared to the two classical configurations. The
configuration of the swivel bolt is less critical but closely resembles the T-
head. The spherical contour of the bolt head will assist the line flows and
reduce the local stress concentration. The stress concentration effect for
the swivel bolt should be between the two configurations as the flow lines
demonstrate in the figure. The existing NASTRAN swivel model is again
utilized for the general comparison of three configurations. Because the load
path into the bolt is nearly axisymmetrical, a simplified and axisymmetrical
swivel model (a 10-deg section) is utilized (Fig. 11). First (as case 1), a
uniform tension is applied to the top surface of the bolt head to simulate the
round shaft with fillet in tension. Reactions at the pin-ring interfaces are
computed. Next, for the case of the preloaded swivel, the spherical bolt head
is constrained and the previously computed pin-ring interface reactions (from
case 1) are re-applied at the same locations. Finally (case 3), the bolt head
is constrained only at the flat shoulder surface of the bolt head as the worst
case (proximity effect) of the T-head. The results (Fig. l1) clearly showed
the highest stresses (stress concentration) for T-head and the lowest for the
round shaft in tension. The design stress concentration factors for T-head
will be conservatively used to evaluate the swivel strength. The design
factors for T-head are available in R. E. Peterson's "Stress Concentration
Design Factors." Although the T-head is of rectangular cross sections (with a
constant thickness h), the design data is applicable to the head of a round
bolt as discussed in the text. The major geometrical parameters for the T-
head are the size (width D and depth m) of the head, the width of the shank
(d), and the fillet radius (r). For a constant ratio of r/d, the stress
concentration factors with respect to various D/d and m/d are provided. A
total of four charts are available in the book for r/d = 0.05, 0.075, 0.10,
and 0.20. Based on the geometry of the bolt head, the ratios of D/d (= 2.2),
m/d (= 1.2), and r/d (=0.126) are defined (Fig. 12). By using the available
datum of the four charts and the geometrical parameters of the bolt head (D/d
= 2.2 and m/d = 1.2), a relation between the stress concentration factor (K;)
and the fillet rounding ratio (r/d) is developed in Figure 12. For the
current swivel bolt configuration with the nominal ratio r/d of 0.126, the
corresponding stress concentration factor becomes a high 3.5 based on the T-
head configuration. Accordingly, for the 8007 N (1800 1lb) design preload, the
maximum stress will exceed the yielding allowable and the bolt head design is
modified.

The swivel bolt is MP35N (AMS 5884) bar. In the range of the system
operating temperatures (-73°C to 135°C), the minimum Fty is 1.427 x 109 N/m2

44



(207,000 psi) at 1359C (2759°F): To consistently maintain the linear spring
loading of the toggle, any localized yielding (permanent release of the spring
load) is considered unacceptable. A 1.4 factor of safety is applied to the
yielding (not the ultimate) allowable.

Fry, allowable = 1.427 x 109/1.4 N/m2
= 1.020 x 109 N/m? (= 147,857 psi)

For the design preload of 8007 N (1800 1b), the average bolt shank stress is

Oz, average ~ P/A
= (8007 N) / (1.9864 x 1075 p2)

= 4.033 x 108 N/m? (= 58,495 psi)

Based on the material yielding allowable with 1.4 factor of safety, the
allowable stress concentration factor of the swivel bolt should not exceed

Ky = (Fty, allowable) / (Oz, average)

(1.020 x 10° N/m?) / (4.033 x 108 N/m2)
2.53

Going back to the K¢ and r/d relationship in Figure 12, the corresponding r/d
ratio for Ki equals to 2.53 is 0.26. In other words, if the shank radius d
(5.0292 x 1073 m) remains unchanged, the radius r (6.35 x 107% m) of the
fillet rounding should be increased to avoid any local yielding of the bolt.

n

(d) (0.26)
(5.0292 x 1073 m) (0.26)
1.31 x 1073 m (= 0.051 in.).

r

The 6.35 x 1074 n (0.025 in.) fillet rounding radius of the original design
was consequently changed to 1.31 x 10~3 n (0.051 in.). The minimum
modification significantly increased the reliability and the static/fatigue
strength of the mechanism.

CONCLUSION

A three-pin double swivel toggle release mechanism has been developed for
the new SPDS. The two fault tolerant mechanism is small, lightweight, heavy-
duty, and easy to assemble. The mechanism is innovative of its "double"
swivel design. The design concept was verified by tests and analyses. The
mechanism is designed for the long duration in space prior to the payload
deployment. It is essential that the design be fully reliable. With the aid
of the finite element analysis, the stresses in the mechanism were visualized.
By simply modifying a geometrical parameter (the fillet rounding) of the
swivel bolt, the toggle became insensitive to local stress concentrations and
the system strength and reliability was significantly increased.
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Figure 2. SPDS payload deployment and release sequence.
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REF.R.E.PETERSON, "STRESS CONCENTRATION SWIVEL BOLT GEOMETRICAL
DESIGN FACTORS", JOHN WILEY & SONS, INC. CONFIGURATION

m/d=1.2 & D/d=2.2
for the swivel bolt

K=5.6 (for r/d=.05)
Kt=4.45 (for r/d=.075)
K=3.8 (for r/d=.10)
K=2.9 (for r/d=.20)

| | | | ] (r/d)
1 .2 .3 .4 .5

Figure 12. Stress concentration factors (K.) for a T-head
with variable fillet radius (r).
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DESIGN, FABRICATION AND TEST OF A 4750 NEWTON-METER-SECOND
DOUBLE GIMBAL CONTROL MOMENT GRYOSCOPE

Lewis Cook*, Paul Golley*, Henning Krome*,
Joseph Blondin**, Charles Gurrisi**, and John Kolvek**

ABSTRACT

In recognizing the need to develop future technologies in support of the
space station, NASA's Advanced Development Program (ADP) placed as its goal
the design and fabrication of a prototype 4750 N-m-sec (3500 ft-lb-sec)
Control Moment Gyroscope (CMG). The CMG uses the principle of momentum
exchange to impart control torques to counteract vehicle disturbances. This
paper examines the selection of the double gimbal over the single gimbal CMG
and describes the major subassemblies of the selected device. Particular
attention is given to how the man-rated mission requirement influenced the
choice of the materials, fabrication, and design details employed.

Physical characteristics and the results of functional testing are
presented to demonstrate the level of system performance obtained.
Comparisons are made of the measured system responses against the predictions
generated by computer simulation.

INTRODUCTION AND HISTORY

NASA initiated the ADP in parallel with the Phase B definition and
preliminary design efforts for the Space station. The purpose of this program
was to focus on technologies applicable to the initial space station with the
goal of accelerating these technologies to meet the proposed operational
schedule for the station. Other objectives of the ADP were to enhance the
performance of the space station, reduce life cycle cost during the operations
phase, and reduce risks encountered during the development phase.

The Attitude Control Stabilization (ACS) team of the ADP proposed a
number of technical activities, one of which was the design, fabrication, and
test of a prototype CMG. Using a CMG for control of the Space Station Freedom
seemed obvious since a CMG has a replenishable momentum capability, which is
achieved through appropriate gravity gradient desaturation maneuvers and
requires no consumables. NASA's experience with this type of control was
amply demonstrated on the Skylab program in the mid-seventies. Skylab used
three double-gimbal CMGs (DGCMGs) for attitude control, and employed gravity
gradient maneuvers and a thruster system for momentum bias desaturation.

*NASA Marshall Space Flight Center, Huntsville, Alabama 35812.
**Allied-Signal Aerospace Company, Guidance Systems Division, Teterboro,
New Jersey 07608.
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The first decision to be faced by the ACS team was whether to develop a
DGCMG or a single gimbal CMG (SGCMG) for the space station prototype.

The advantages of DGCMGs include:

e Much simpler control laws without elaborate singularity avoidance
e No impact of unit failure on control laws

e No impact of failure on spherical momentum envelope shape

e Growth capability by adding individual DGCMGs without impacting
control laws

e Simpler vehicle mounting geometry.

SGCMGs have an advantage in that they can provide greater torque
capability for the same angular momentum. Since the Space Station Freedom has
no rapid maneuvering requirements necessitating high torques, this did not
prove to be an important consideration for this application.

System-level trade studies involving weight, size, power, and reliability
produced no advantage to either type, since the SGCMGs require oversizing to
produce the same angular momentum envelope as DGCMGs. The flexibility of the
DGCMG to support a large variation in vehicle inertia, especially during
station build-up, ultimately proved to be the main consideration for the
selection. Since the ACS control laws are not affected by the number of units
employed, the initial manifest need not contain the full complement of units.
As the station assembly configuration changes, additional CMGs could be added
at any time to support the ACS requirements.

The prototype CMG design parameters were extrapolated from the Skylab CMG
experience, and improvements were made in a number of areas based primarily on
the momentum storage capability and the long life required for the Space
Station Freedom application. Marshall Space Flight Center (MSFC) was selected
to lead the CMG development effort, since that center had been responsible for
the Skylab CMG development and had the technical expertise and testing
capability for continued CMG development. Subsequently, MSFC selected the
Guidance Systems Division (GSD) of the Allied-Signal Aerospace Company
(formerly The Bendix Corporation) to design, develop, and fabricate a
prototype CMG under NASA contract NAS8-36628. The final concept is a double
gimballed system with unlimited freedom for the ocuter gimbal and a 50-percent
increase in angular momentum from the Skylab CMG. Mechanical features
incorporated are an on-orbit servicing capability, power and signal transfer
through rotary transformers and fiber optics respectively, and an active oil
lubrication system for the spin bearings. The three-year development has
resulted in a prototype CMG which will undergo verification and life testing
at MSFC.
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System Requirements

The CMG was designed to meet the following minimum system requirements:

Angular momentum to be 4750 N-m-sec (3500 ft-lb-sec) at a speed of
6600 rpm

Peak output torque applied to the space station shall be equal to

or greater than 274 N-m (200 ft-1bs) for the maximum coupling
condition with a maximum gimbal rate of 0.057 rad/sec (3.27 deg/sec)
Outer gimbal to provide unlimited angular freedom

Inner gimbal to provide +1.57 rad (90 deg) angular freedom

Rotor design to have a safety factor of 4 on yield stress

CMG design goal to insure reliability and a l10-year operational life.

CMG Configuration Trade Studies

A trade study was performed to optimize the selection of the rotor
material. The study compared a wide range of candidate materials for the
following mechanical properties:

e Material strength

e Fracture toughness

° Stresé corrosion resistance (MSFC-SPEC-522B)

® Producibility.

In addition to the above parameters, the following constraints were also
considered:

e Rotor diameter of 63 cm (25 in.)

¢ Rotor speed less than 9000 rpm

® No maraging steel

® Use of materials with published data base.

In order to make comparisons between various materials, three candidate
systems were established and analyzed. Each of the designs was analyzed for
weight, inertia, momentum, and yield stress. In addition, rotor stiffness and

resonant frequencies were examined for each case. The conclusion of this
study led to the selection of Custom 455 stainless steel as the optimum rotor
material..,
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A second trade study was performed to determine the feasibility of
replacing CMG rotor bearings during the mission. The long duration mission
proposed for the space station program requires that the CMG rotor spin
bearings must perform consistently for a minimum of 10 years. Even with a
theoretical reliability of 0.999, the possibilty of bearing deterioration or
failure exists. Typically, degradation in bearing performance is
characterized primarily by an increase in average friction torque with a
corresponding increase in motor power consumption. In the case of serious
bearing degradation, a bearing replacement would prevent loss of the CMG and
its corresponding impact on the mission. As a result of the trade study, a
bearing configuration has been incorporated into the CMG rotor bearing design
which could support replacement of the bearings on-orbit if deterioration is
detected.

Repairability and ORU Design Concept

The prototype CMG was designed using the orbital replaceable unit (ORU)
concept to make repairs and component replacement in space as convenient as
possible. For CMG removal, the mounting pads were designed for captive bolts,
which prevent bolt loss after removal. Sufficient clearance exists between
electrical connectors to allow insertion or removal by an astronaut wearing a
space suit. The CMG is provided with handles to allow relative ease of on-
orbit handling.

Electronic assemblies can be replaced without disturbing the mounting of
the CMG. However, for safety considerations, it is recommended to remove
power from the CMG prior to this replacement. Captive bolts and quick
disconnects will facilitate the replacement of the ORUs.

Spin bearing replacement was designed to be achieved after placement
of the CMG into a space station "shirt-sleeve'" work area. The actual
replacement procedure requires some mechanical acumen and extensive training
to become familiar with the unit, tooling, and assembly sequence.

DESIGN DESCRIPTION

The design of the CMG is an evolution based on many CMG and momentum
exchange devices built and flown since the Skylab program. Most of the major
components of the system have a successful heritage and design base in keeping
with the man-rated mission requirements of the Space Station Freedom. The
system shown in Figure 1 consists of a rotor mounted within two sets of
orthogonal gimbals so as to orient the spin axis of the rotor in any desired
direction. All the drive and support electronics are mounted on the mounting
ring and gimbal structures to minimize signal transfer across the gimbal
pivots.

A simplified block diagram of the system is presented in Figure 2. The
Quter Gimbal Electronics Assembly (OGEA) accepts the external electrical
interface in the form of power and a MIL-STD-1553 serial communications link.
In the OGEA a microprocessor channels the communication of command and
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telemetry signals, and thus requires no analog signal processing of any type.
Power is transferred across the outer gimbal pivot using redundant rotary
power transformers. Communication between the OGEA and Inner Gimbal
Electronics Assembly (IGEA) is performed via a Fiber Optic Rotary Joint
(FORJ). In this manner no contacting signal transfer is employed where life
limitations might be of concern.

The Rotor Electronics Assembly (REA) controls and monitors the speed of
the rotor and is mounted on the inner gimbal. Signal transfer is accomplished
from the IGEA to the REA by a limited-motion twist capsule, which is protected
by gimbal stops that limit the inner gimbal motion to 90 deg. The ma jor
electrical functions are cross-strapped to improve overall system reliability
and minimize the orbital replacement operation.

The major interface characteristics are described below:
® Size:
- Length: 1.21 m (47.8 in.)
- Width: 1.16 m (45.9 in.)
- Height: 1.15 m (45.5 in.) - With outer cover in place

e Weight: 279 kg (615 1b)

e Mounting: 4 Point C.G. (Gimbal axes lie in the mounting plane)
e Power: (120 Vdc)

- Quiescent: 95 W
- Spin-Up (Peak): 240 W

The following sections will describe in further detail the major
components of the system and what requirements influenced the design or

fabrication activities.

Rotor Design and Safety Analysis

A cross-section of the rotor installed in the Inner Gimbal Assembly (IGA)
is presented in Figure 3. The rotor is a single-web wheel forged from Custom
455 stainless steel., It is supported at each end by a single angular contact
ball bearing. Outside diameter of the rim is 0.635 m (25.0 in.) and the
overall shaft length is 35 cm (13.85 in.). Custom 455 is a precipitation
hardenable steel and is considered highly resistant to stress corrosion
cracking. Extensive testing was performed by GSD to properly qualify this
material and verify the physical and mechanical properties.

A finite element model of the rotor was created and analyzed for stresses
and deflections using NASTRAN. The centrifugal loading of the rotor at 6600
rpm produces the maximum steady operational forces. Gyroscopic stresses on
the rotor are of much less concern due to the low level of output torque that
is required of the system. A modified Goodman diagram presented in Figure 4
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illustrates that the combined centrifugal (steady) and gyroscopic torquing
(cyclic) stresses are well within the infinite life region of the graph.

A design requirement was placed on the rotor to provide a factor of
safety of four on yield stress at 105 percent of the nominal wheel speed (6930
rpm). An analysis of the rotor stress results in a peak value in the web of
296 MPascals (43 kpsi). Comparing this to the 1.2 GPascals (175 kpsi) yield
strength of the material produces a safety factor greater than required.
During component test, the rotor was subjected to an overspeed of 1.33 times
the nominal speed (8800 rpm), and survived.

Spin Bearings and Lubrication System

The spin bearings used in the design are angular contact type 107H size
ball bearings with special retainers. This configuration has been used
previously and dates back to the Skylab CMG. The bearing retainers have been
modified to provide proper distribution of the lubricant to the ball and race
contact zone. The material for the races and balls is VIM-VAR 52100 chrome
steel, and the retainer is fabricated from a cotton-based phenolic impregnated
with bearing lubricant.

When assembled, the bearings are preloaded by a constant force Belleville
spring that ensures the bearings remain preloaded under all conditions. Low-
level heaters are provided in the housing for low temperature operation if
required.

To support the 10-year life requirement, an active lubrication system was
chosen. This system will provide a flow of new KG-80 lubricant in a "one-
time-through" manner to continually lubricate the bearing over the design life
of the CMG. The reliability of the bearing is enhanced by this system and is
far superior to grease lubrication for long mission durations.

Torque Motor and Transmission

To develop the required torque of 272 N-m (200 ft-1b), a torque motor and
geared transmission are utilized. The motor is a brushless DC type design
capable of developing 12 N-m (9 ft-1b) or torque. An ironless stator is
employed which produces no hysteresis or eddy current losses, and thus
eliminates magnetic cogging and drag torques for better system performance.

The gear train employed in the transmission is shown in Figure 5 and
consists of a two-stage, parallel-path spur gear arrangement. Windup of one
gear train path with respect to the other provides a preload that effectively
eliminates backlash in the transmission. A gear ratio of 27.76 to 1 allows
the motor to achieve the required torque level. This type of configuration
has been employed on previous designs, including a unit that has accumulated
six years of special life testing under severe duty cycle operations.

These components are housed in the Torquer Module Assembly (TMA), along
with a multi-speed resolver used for rate feedback. Shown in cross—-section in
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Figure 6, this assembly is identical for both the inner and outer gimbal
pivots.

Gimbal Drive Electronics

Both the inner and outer gimbals are rate controlled in a closed loop
manner using a phase-locked-loop technique. This technique permits high input
command resolution and precise rate control without the necessity for
precision low-signal-level analog electronics. In operation, the l6-bit
digital rate command is applied to a digital low-pass filter, the output of
which is accepted by a Binary Rate Multiplier (BRM). The BRM acts as a
digital number-to-frequency converter.

A 16-speed resolver acts as a rate sensor and produces an output whose
frequency is proportional to the gimbal speed. The resolver and BRM outputs
are applied to a phase detector which produces an output proportional to the
phase difference between the two input frequencies. The phase detector output
is then applied to a compensation network needed for loop stability, and a
notch filter to attenuate phase detector carrier harmonics. This signal is
then applied to a power amplifier which contains a multiplier unit to achieve
commutation for the torque motor. A current feedback technique is utilized by
the amplifiers to produce a current-source drive. In response, the motor
accelerates to a speed which causes the resolved output frequency to come into
exact correspondence with the command frequency.

Rotor Drive Electronics

The rotor drive is also controlled by a phase-locked-loop design.
Nominal wheel speed is defined as 6600 rpm, but the system is capable of
being commanded to operate at 5 percent above and below this value. A
frequency is generated by a Hall resolver and compared to the commanded
reference frequency. The difference in these two signals generates an error
signal that is applied to a phase detector, amplified, and frequency shaped.
It is then applied to the PWM current amplifier which is commutated by the
output of the Hall resolver. A current feedback technique is utilized by the
amplifiers to produce a current source-drive to the spin motor.

MATHEMATICAL MODELING

For design and analysis purposes, the behavior of the CMG can be
characterized by a 6-mass model. This model represents both the inner and
outer gimbal loops which are coupled as a function of the inner gimbal angle.
In general, the loops are designed as high-gain wide-bandwidth rate loops to
enhance small signal performance and damp the gear train resonance. A digital
prefilter is used to provide the overall bandwidth characteristics as viewed
by the vehicle control loops. When the proper stabilization networks are
employed, the inner gimbal loop produces the frequency response
characteristics shown in Figure 7.

65



From this linear model, a nonlinear representation was developed that
permits a more accurate determination of CMG performance. A simulation was
generated using the Boeing Computer Services EASY-5 Analysis Program, and
incorporates nonlinear effects such as: torque motor saturation, gear train
compliance, electronic limits, and pivot friction. The model can be exercised
for any type of input command (i.e., sinusoidal, step, impulse, or impulse
train).

TEST RESULTS

Support Equipment

The CMG system is supported during testing by an automated computer-
controlled test station. Interface to each of the two channels of the CMG is
via a single cable, which supplies power and provides a dual redundant serial
data link. The station uses an IBM PC/AT computer equipped with a 30-Mbyte
hard disk drive. All operator interface and monitoring of the CMG is provided
by a MIL-STD-1553 serial communications bus which plugs directly into the
computer. Power requirements to the system are provided by a 120-Vdc supply
that is controlled and monitored by the test station computer.

The computer displays the command status and health of the system on a
CRT monitor. Response data from the unit is processed and various flags,
alarms, and shutdowns are automatically implemented by the station. Hard copy
of the display may be obtained on command or at regular intervals. Test data
can be stored or transferred to floppy disk for post processing.

Force and Moment Table

To measure output performance, a force and moment table was designed and
built for the CMG system. This table uses four piezoelectric three-axis force
sensors, whose outputs are summed according to their mounting geometry to
produce the three forces and moments that completely describe the system
mechanical output. Using a digital signal analyzer, these signals can be
displayed in either the time or frequency domain to characterize the output
performance levels as described in the following paragraphs.

Frequency and Step Response

Figure 8 shows the results obtained for the frequency response test of
the inner gimbal loop. This is typical of results obtained for both loops and
demonstrates the dependency on the inner gimbal angle. In general, the
agreement is excellent when compared with the predicted results given earlier,
although the test data has slightly more peaking. This effect was also
noticed in the step response behavior of the system in both the overshoot and
settling characteristics observed. This difference has been attributed to the
gear train stiffness being lower than anticipated.
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Gimbal Rate Linearity

Gimbal loop scale factor and linearity were measured for various

commanded rates. The test consisted of commanding a constant rate for a known

period of time and computing the actual rate from the change in gimbal angle.
Figure 9 presents a plot of the difference between the measured rate and
linear fit of the data. The results are typical for both loops and yield a
linearity in the O.l-percent range. Due to the manner in which the test was
performed, these results represent errors in the test method employed rather
than the system accuracy. This is consistent with the expected performance
for the phase-locked-loop implementation as well as the commanded zero rate
drift, which is below the threshold of what could be measured.

Torque Noise

Torque noise is defined as the undesirable component of torque produced
by the actuator when a constant rate is commanded. Expressed in terms of the
RMS components produced in the frequency domain, a measurement of this noise
is given in Figure 10 for a 5.7 mrad/sec (0.327 deg/sec) commanded rate.
Major contributors to this error source have been identified as the dc offset
in the drive voltages and the transmission gearing. This plot is typical of
both the inner and outer gimbal loops, and incorporates special balancing
circuits to minimize the effect of the offset of the drive voltages. Total
noise when viewed in the time domain produces a value of approximately
2-percent RMS for the case given.

Induced Vibration

Another performance parameter important to the operation of the space
station is the induced vibration of the CMGs. Concerns exist for potential
coupling to the inertial sensors, located on the same pallet, as well as the
effect produced on the station micro-gravity environment. The dominant
contributor to this performance is the balance of the rotor wheel as it
rotates at the nominal speed of 6600 rpm. A full characterization of the

system would consist of the three forces and moments that would be seen at the

mounting interface for a host of gimbal positions. Typical values for these
parameters have been measured, and result in forces that range from 0.45 to

2.2 N (0.1 to 0.5 1bs) and moments that range from 0.68 to 0.27 N-m (0.5 to

0.2 ft-1bs).

Gimbal Angle Readout

A readout of the gimbal positions is provided as a system output to
provide necessary information to the momentum management and vehicle control
laws. Measurements of the readout accuracies of both gimbals were below 1.7
mrad (0.1 deg) for all cases measured.
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Wheel Speed Control

During all operations of the CMG, the wheel speed was monitored and the
performance of the loop has exceeded the design goal of 0.1 percent. Actual
speed never exceeds 2 rpm from the commanded value even during maximum rate
conditions.

CONCLUSIONS

The development of the prototype DGCMG has provided NASA with a working
design that meets or exceeds the goals of the Advanced Development Program.
In addition to providing a safe design for man-rated missions, this device can
contribute to the Attitude Control System definition and address concerns at a
relatively early stage in the space station development. Major
accomplishments of the program include the following:

o Successful demonstration of compliance to all the system requirements
and design constraints imposed

e Concurrence of analytical models and simulation results to the
measured performance

e Development of the necessary test station and the measurement
equipment needed to characterize output performance.

PROPOSED FUTURE TESTS
The results obtained to date represent the current state of the system
characterization. Future work is planned to improve the response and evaluate

other performance parameters.

Cross—-compensation

At present, cross—coupling between the inner and outer gimbal servo loops
causes variations in the frequency response as a function of the inner gimbal
angle. Although these bandwidth variations appear to be acceptable for the
accuracy requirements of space station, a proposed improvement is to use a
variable cross-feed compensation. The expected results would produce a
frequency response characteristic nearly independent of inner gimbal angle.

Small Signal Characterization

Results for relatively large signal performance have previously been
shown to agree with the linear model of the system. Small signal rate
commands will be used to determine the effect of non-linearities such as dead-
zone, if any exists, and gimbal friction. If required, these test results
could then be used to modify both the model itself and the values assumed.

The result would be a high-fidelity model that could be used to assist
analyses and simulations of the ACS.
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Life Tests

Current plans call for verification and life testing at MSFC. The
support test equipment has been designed to simulate the duty cycle commands
expected for Freedom, and thus provide a means to address the design life
performance.
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CAROUSEL DEPLOYMENT MECHANISM FOR COILABLE LATTICE TRUSS

Robert M. Warden* and P. Alan Jones*

ABSTRACT

AEC-Able Engineering Company, Inc. (ABLE) has developed a unique
mechanism for instrumentation and solar-array deployment by combining two
technologies. The first technology (initiated by the Jet Propulsion
Laboratory and later developed by Lockheed Missiles and Space Company [1]) is
the "smart" motor which can operate in either an analog mode to provide high
speed and torque, or in a stepper mode to provide accurate positioning. The
second technology is a mechanism developed by ABLE, where a coilable lattice
mast is deployed then rotated about its axis with a common drive system, thus
eliminating the need for a second drive system. A prototype unit has been
designed, built, and tested. A review of the design and function of this
system is presented along with structural and thermal test data.

BACKGROUND

In the early 1960s, a triangular lattice truss made of unidirectional
fiberglass rods was developed which was capable of retracting and extending.
Retraction is accomplished by the coiling of the continuous longitudinal
element, which then acts like a spring to deploy the mast. This type of mast
has been used extensively for space application because it is lightweight,
strong, and stiff, and stows to a small fraction of its (deployed) length
(Fig. 1).

Lanyard Deployment

A key to using this structure is the deployment mechanism which controls
the extension and retraction. The simplest and lightest way to control
deployment is by running a cable or "lanyard" down the middle of the mast.
This lanyard is attached to the top plate at one end and to a motor or rate
limiter at the other (Fig. 2A). 1In this way, the lanyard is paid out
gradually so that the mast deploys at a controlled rate. The mast is very
strong and stiff when fully deployed, but it does have some disadvantages.
This is because during deployment the mast has a relatively weak and flexible
transition section which may be undesirable. Also, during deployment and
retraction, the top of the mast rotates with respect to the base about the
mast centerline. This rotation is unacceptable for some applications.

*AEC-Able Engineering Company, Inc., Goleta, California.
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Elevating Nut Deployment

A second deployment method was developed where the mast is enclosed in a
large, thin-walled tube or canister, and deployment is controlled by a large
rotating nut at the top (Fig. 2B). The most important change to the mast is
the addition of roller lugs which enable the mast to be constrained at a
deployed section rather than at the flexible root. This greatly increases
strength and stiffness during deployment. The motorized elevating nut
continuously transports the rollers up or down to deploy or retract the mast.
The mast is prevented from rotating as it deploys by guide rails inside the
nut, and the stowed mast is allowed to rotate at the base.

The elevating nut method has several advantages. The mast has nearly
full stiffness and strength throughout deployment, and the tip deploys without
rotating. There are, however, some disadvantages to this system. The
elevating nut is a relatively heavy, complex component supported by large
bearings. Weight reduction can be accomplished only by more complex and
costly machining or by using more exotic materials. The elevating nut also
increases the envelope of the system and, at full deployment, the mast is
subject to free-play due to the clearances required at the roller-lug-to-
elevating-nut interface.

Carousel Deployment

The subject of this paper is an alternate method called "carousel,” which
has some of the advantages of the other methods and offers unique features of
its own. The carousel method is similar to the elevating nut method, except
that the nut has been removed and the motor drives a turntable at the base.
During deployment, the mast tip does not rotate, and the mast has significant
strength and stiffness. The system weighs less than the elevating nut-method
but more than the lanyard method, and the packaging volume is slightly more
than that of the lanyard method.

Unique to this system is the fact that once the mast is fully deployed,
it changes smoothly from axial deployment to rotational movement (Fig. 3).
The outstanding advantage of the carousel system is that when combined with
the smart motor technology, the same drive mechanism used for deployment may
also be used for tracking. The turntable/drive system is common to both
functions, thus eliminating the need for a second drive system.

THE MOTOR
The Carousel Deployment System takes advantage of '"smart" motor
technology [1]. The basic elements of this technology are a brushless dc
motor and a control circuit which operates the motor in either an analog or
stepper mode. To deploy the mast, the motor operates in the analog mode to
provide the speed and power required to deploy the mast and, if needed, to
extend a solar array. Once the mast is fully deployed, the motor operates
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either in the analog mode to rapidly slew the mast into position or, more
importantly, in the stepper mode to accurately rotate the mast at a constant
rate.

A "dual-drive" gear box is used to complete the drive system. The dual-
drive was developed by JPL as a reliable, redundant drive system for aerospace
applications. This system uses harmonic drives to provide independent load
paths from two motors to a common output. (This technology was presented at
the 16th Aerospace Mechanisms Symposium in 1982.)

CAROUSEL DEPLOYMENT SYSTEM DESCRIPTION

The carousel deployment system consists of a thin aluminum cylindrical
shell which contains three principle functional areas: turntable, storage
section, and transition section.

Turntable

The turntable at the base of the system is a rotating platform which is
driven by the motor. The platform is supported by large-diameter duplexed
bearings which are preloaded against each other to eliminate any free-play or
dead band over the required temperature range (Fig. 4). The bearings are
supported by thin-walled shells to accommodate thermally-induced distortion
without greatly increasing bearing preload. The radial flexibility designed
into the system allows thermal deflection without sacrificing overall system
stiffness. The bearing supports are designed with radial interference at room
temperature and are assembled by heating one bearing seat while cooling the
other, then slipping the bearing in place. The base of the mast is mounted to
the turntable platform, which is open in the center to provide space for a
slip ring assembly if needed. A large-diameter internal gear 1is used so that
room is available to add encoders or potentiometers, depending on the
application's telemetry requirements.

Storage Section

Above the drive area is the storage section which contains the stowed
mast when the system is retracted. There is enough clearance between the mast
and the storage shell to allow mast rotation, but not enough to allow
excessive excursions during vibration or launch.

Transition Section

Immediately above the storage section is the transition section, where
the mast smoothly changes from the stowed to the deployed state. This
operation is the key to carousel system success. Transition guides are
curved rails which control the transition shape of the mast and thus control
the deployment of the system. Rollers are attached to the mast at each batten
frame and protrude into the rails to constrain and guide the mast during
deployment.
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The mast shrinks in diameter as it goes through the transition section.
For the elevating nut method, this problem is solved by contouring the rails
to match the mast (Fig. 5). For the carousel system, however, this is not
feasible due to interference between the guides and the mast when the system
is in the tracking mode. A slightly larger-diameter canister and longer
rollers are used and the transition rails are of a constant thickness, so that
there is clearance for the mast to rotate once the mast is fully deployed and
no rollers are engaged.

Mast axial strength is increased by using guide rails on both sides of
the roller lugs. The mast diameter is smaller when it goes through transition
so that the transition section is of asymmetrical hour-glass shape. The
roller lugs must be long enough to accommodate the change in mast radius and
still adequately engage in the transition guide.

FUNCTIONAL DESCRIPTION

When power is applied to the motor the turntable rotates, uncoiling the
mast by driving it up through the guide rails. Deployment continues until the
mast is almost fully deployed and only the last roller lug is left in the
guide rail (Fig. 6). The last amount of deployment extends the last roller
lug out of the guide so that it is only constrained by a gate. By continued
rotation of the turntable the last roller leaves the gate, and the mast begins
to rotate on the turntable about its centerline. The gate must close for the
mast to continue rotating. In this rotation mode, the motor 1s switched to
the stepper mode to provide accurate rotational movement.

BASELINE DESIGN

To verify the carousel deployment concept, ABLE designed and built a
full-size demonstration unit which incorporated an existing mast design with
the following properties:

Mast Diameter 0.254 m 10 in.
Mast Length 5.5 m 18 ft
Longeron Diameter 3.8 mm 0.150 in.
Batten Diameter 2.3 mm 0.090 in.
Diagonal Diameter 0.8 mm 0.032 in.

The mast was constructed of unidirectional $2 glass/epoxy fiberglass
elements, aluminum fittings (6061-T6), epoxy adhesive (EA 934), and stainless
steel fasteners.

One of the design goals was to provide room for a payload within the
volume defined by the transition guides. A mechanism at the top of the mast
enables it to pass smoothly through the transition guides and to fully retract
by allowing the top attachment points to move radially inward as well as to
pivot.
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STRUCTURAL TESTING

Various tests were run to characterize the system. The test program was
divided into performance and deployer torque determination. Bending tests
were performed to determine strength and low-load stiffness characteristics.
Low-load stiffness was targeted because it normally defines a system's natural
frequency. The general procedure used was to apply a lateral tip-shear load
to the horizontally-mounted mast. Lateral tip deflections were then recorded
for loading and unloading. The test loads, deflections, and set-up geometry
were used to deduce equivalent system stiffnesses. The mast's shear and root
deflections were included in this equivalent stiffness.

Bending strength and equivalent stiffness are given as:
Mcr = VmMaxL
EI = av/88 1L3/3
where
Mcr = maximum bending strength (in.-1b)
VMAX = maximum applied lateral tip shear (1b)

L = boom deployed length (in.)

EI = bending stiffness (in.-1bZ)
AV = change in lateral tip shear loading (1b)
A8 = change in lateral tip deflection (in.) .

Various mast system configurations were tested and characterized. The
test parameter variations were deployed length, mast axial compressive load,
mast root condition, and transition guide extensions. A total of 108 system
configurations were examined.

For most partially-deployed configurations of the carousel mast, the
maximum bending moment the system can withstand is dictated by the loads at
the roller-lug-to-transition-guide interface. Typically, the lateral tip load
can be increased to the point where the local side load at the roller lug
overcomes the internal preload provided by the mast. The lug then escapes
from the transition guide. The mast's maximum moment strength could be
increased over the tested design by incorporating a captured roller lug
design.

Table 1A gives maximum bending strengths for various configurations. The
values shown are averaged from various tests to highlight trends. Transition
guide extensions improved maximum bending strength during the deployment phase
by a factor of 3.8. However, with transition-guide extensions installed,
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bending strength during deployment is about 1/4 of fully-deployed bending
strength. Maximum bending strength was not greatly influenced by the mast’s
end condition. Axial mast compression had only a slight effect on bending
strength. As axial compressive load was increased, bending strength slightly
decreased (by about 1 percent per pound of axial load). These data are
presented in Figure 7.

Bending stiffness data are presented in Table IB for various test trends.
The average values indicate that there is negligible variation due to axial
compressive load variation. Transition guide extensions improve bending
stiffness performance during deployment by a factor of about three. But even
this improved stiffness was only 3 percent of the fully-deployed value. This
marked difference, shown graphically in Figure 7, is due to the difference in
the mast longeron-end conditions. When the mast is fully deployed, the
longerons terminate directly into the turntable with zero curvature. Loads
are reacted axially, which is an inherently stiff load path. In the
partially-deployed mast condition, the longerons have curvature which causes
some of the load reaction to be in bending, a less stiff load path.

Torsional tests were performed to determine the carousel deployer's
characteristics under torsional loading. The mast system was again mounted
horizontally at both half and full deployment. The mast tip was supported
with a pinned-end-bearing mechanism. In this way, end-shear deformation was
minimized while allowing full torsional deflection. A torque was applied and
angular deflections were measured and recorded at multiple load points.

Table 2 summarizes torsional performance as a function of both axial
compressive load and transition-guide-extension configuration. An unexpected
trend can be observed in Figure 8. For test set-ups where transition guide
extensions were installed, increasing axial mast load increased torsional
stiffness. Conversely, for cases without transition guide extensions,
increasing axial load decreased torsional stiffness. Another expected trend
that was observed was greater stiffness under counterclockwise loading than
clockwise loading for the partially-deployed test configurations. This effect
is due to longeron curvature in the mast transition zone. A clockwise torque
twists the mast in the same direction as the transition shape. A counter-
clockwise torque loads against this shape. This effect is accentuated by the
addition of axial compressive loading.

To characterize the carousel drive actuator and control system design,
mast axial load and ambient temperature were varied. An additional test was
run which focused on drive torque variation during the terminal phase of
deployment, when the deploying mast shape changes from its standard helix to a
straight, stiff configuration.

The tests where mast axial compressive load was varied were done at room
temperature with the system mounted horizontally. The mast tip was supported
by a bridle mounted to an overhead track. In this way variations in mast
bending load were kept to a minimum. A weight pan, cable, and load cell
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arrangement maintained a constant axial compression load as the mast deployed.
Axial loads were varied between O and 26.7 N (O and 6 1b).

Figure 9 presents the test results in a graphic format. Results are
nearly linear for all three test conditions. As indicated in Figure 9, with
no compressive load the system requires a 0.35 N-m (3.1 in.-1b) torque to
restrain the system against its inherent self-deploying force. However, with
a 71.2 N (16 1b) axial preload, the system requires 0.51 N-m (4.5 in-1b) of
torque to drive the system out.

The system was placed in a thermal chamber and mounted to deploy
vertically upward, causing a gravity load which varied with the length of boom
deployed. This load proved manageable. Since it would not affect the
qualitative results, a variable counterweight system was not installed.

The system was tested at room temperature [approximately 21°9C (70°F)] at
-519C (-60°F), and at 68°C (140°F). System motor-drive torque was indicated
by an in-line torque transducer. Tests were conducted after the mechanism
reached the prescribed test temperature and had soaked for a minimum of one
hour.

In order to isolate the drive torque characteristics from those due to
the mast's self-deploy force, the carousel was run at test temperatures and
voltages with the mast fully extended. In this way the mast rotated as a
rigid body, and its strain energy did not affect the indicated torque values.
Any variations observed were due only to turntable-torque-requirement changes.

Table 3 gives a summary of the results. Figure 10 presents the data
graphically. Torque required to deploy the system varied from a 0.41 N-m
(3.65 in.~-1b) driving torque at -51°9C (-60°F) to a 0.22 N-m (1.95 in.-1b)
restraining torque at 1409F., At low temperatures the mast's self-deploy force
is not enough to overcome the internal bearing drag. At high temperature the
bearing drag drops to near zero and the self-deploy force dominates the system
requiring a restraining torque. Retraction must be motor driven as both
bzaring drag and mast self-deploy force inhibit retraction at all
temperatures. The variation in retraction torque is from 1.21 N-m (10.75 in.-
1b) at -51°C (-60°F) to 0.69 N-m (6.10 in.-1b) at 140°F. The variation is
almost entirely due to changes in bearing drag, as the self-deploy force is
almost independent of temperature. Since observed torque variations were
small, the bearing-support-skirt design performed satisfactorily. The radial
compliance built into the system satisfactorily isolated the bearings from the
thermal loads in the stiff mounting rings over a wide temperature range. It
is estimated that the torque variations are in the range associated with
changes in bearing lubrication viscosity.

CONCLUSION
The test program has shown that the carousel deployer concept is a viable

technique with sufficient maturity to consider for flight development and
certification. The components exhibited mechanical stability and minimal
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torque variations during deployment under various thermal and mechanical
loading conditions. The tests showed that, as in nut-deployment technique,
the transition guide shape and size are the critical factors contributing to
smooth deployment. Their successful design is a critical undertaking for
proper operation.

The thermally-compliant, dual-bearing support concept proved to be
successful over a wide temperature range. No binding or low-load deadband was
oYserved at either hot or cold temperatures. This design concept is generic
enough to apply to various thermal/mechanical conditions.

Tne existence of moderate bending and torsional structural stiffness and
strength during deployment was verified by the test program. The carousel-
daployed mast may be used to deploy, pretension, and track payloads such as
solar arrays or antennae. Structural performance is improved during
deployment by the use of transition guide extensions.

It is recommended that if additional structural stiffness and strength
are required during deployment, future carousel development programs implement
the transition-guide extension design option and captivated rollers. To
maintain the smallest package volume, the transition guide extensions can be
designed to articulate into position or to be part of a payload support
structure. This test program has provided a database from which system
dasigners can make application-specific structural design choices.
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TABLE 1A.

BENDING STRENGTH TEST RESULTS

Transition Guide Extension

Deployed Load Installed Removed
Position (N) (1b) (N) |(in.-1b) N) (in.-1b)
Last Roller
Disengaged
1/4 0 0 24.9 220.3 6.2 54.9
22.2 5 25.7 227.3 9.1 80.4
44.5 10 274 242.8 -- --
1/2 0 22.8 201.9 6.6 58.7
2